Predominantly linear relations between germination rate and temperature (over specific ranges) have hitherto been found among the main crop plants. Given linearity, accumulated temperature above a base (7J is a reliable predictor of germination time. In contrast, this paper shows marked non-linearities in the response of germination to temperature for four oilseed rape cultivars, two 'double high' (Martina and Askari) and 'two double low' (Rocket and Express). Linear regressions of 1/time to germination of given percentiles indicate T b is about 3 C for all cultivars. However, consistent deviations from linearity occur especially at low temperature, such that germination time at 5 C is up to twice as fast as predicted from a linear model. Moreover, two of the cultivars show an increasing proportion of seeds not germinating as temperature is lowered. These seeds were still viable as demonstrated by their ability to germinate when transferred to warmer temperature. The consequence of non-linearity was to increase the spread of time over which seeds germinated at low temperature. This paper defines the effects and indicates the margin of error likely to follow from applying linear rate/temperature models to whole populations. The findings have implications for the propensity of different oilseed rape cultivars to become volunteer weeds and feral populations.
Introduction
The effects of temperature on germination of nondormant seeds are widely examined through the germination rate, defined as I/time to germination of a defined percentile in the sample (Roberts, 1988 ). An early survey by Angus et al. (1981) showed the response to temperature of I/time to 50% of the sample was linear in some seed lots, but curvilinear in others. However, detailed studies in the last decade have revealed predominantly linear relations among cereals and legumes.
This linearity has led to some important and widely used analytical simplifications. It allows extrapolation of rates measured at only a few temperatures to a base temperature (T b ), and to optimum and ceiling temperatures (stepwise linear) if the range is wide enough. The base temperature and the slope of the line can then be used to predict germination of the defined percentile from measurements of mean temperature, or from the maximum and minimum temperatures of a diurnal cycle. Variation of germination rate within populations and seed lots is then examined by repeating the extrapolations for different percentiles (e.g. 10th, 20th etc.) to give a family of lines (Garcia-Huidobro et al., 1982; Covell et al., 1986; Washitani and Saeki, 1986) . A common feature in most of these analyses is that the lines for different percentiles regress to a similar base temperature. Cumulative germination, or the probability density distribution of germination in time, can then be expressed as a function of a time-temperature integral (thermal time). Moreover, the parameters of the function can be used to characterize a seed lot, landrace or cultivar Mohamed et al., 1988) , and to model the temperature response of the whole population of seeds (Washitani, 1987) .
These studies of variation within populations have sometimes revealed non-linearities or inconsistencies, especially in low and high percentiles. For example, germination of high percentiles often does not occur at temperatures just above T b , implying these percentiles have a different response from the rest of the population.
Nevertheless, such non-linearities have not been thought great enough to cause unacceptable error when linear models and a common base temperature are used in prediction. The consensus then, is that the approach is valid and useful for defining and comparing many nondormant and uniform seed lots such as those of most crop species. However, investigations by the authors on the propensity for oilseed rape cultivars to become volunteer weeds and feral plants revealed non-linearities, particularly for the lowest and highest percentiles. This paper explores these responses and investigates the error likely to follow from applying linear models to whole populations.
Materials and methods
Seeds were germinated on a thermal gradient plate, made by Grant Instruments, Cambridge (Murdoch et al., 1989) . Blotting paper, moistened with distilled water, was laid on the surface of the plate, which was left to equilibrate at the set temperatures for 24 h before an experiment began. Groups of 80 or 100 seeds were placed on the moist paper within the compartments of the plastic frame supplied by the makers. Preliminary tests showed that germination rate was similar whether seeds were germinated in weak light (20-40 ^mol m~2 s" 1 ) or kept in the dark and exposed to the same weak light only during observations. When the radicle of a seed was about 1 mm long, the seed was classed as having germinated, and was removed from the sample.
Temperatures at the surface of the moist paper were measured directly by thermocouples placed at four positions between cool and warm ends of the plate, and replicated four times across the plate at each position. Variation in temperature over time or across the plate was small. For example, when the plate was set to 3 °C at the cool end during one run, the temperature along the mid-point of the first compartment (about 2.5 cm from the coldest edge of the plate) averaged 2.3 °C, with a maximum of 2.6 °C and minimum of 1.8 °C. In another run, thermocouples in a slightly warmer position averaged 4.8 °C over time (maximum 5.6 C C, minimum 4.4°C). At any position along the plate, mean temperature differences across it were smaller than the ranges just cited, and were usually within 0.5 K of the mean. Variation over time and across the plate at the higher temperatures in the middle and at the warm end of the plate was less than at the cold end. Temperatures at the middle of any compartment containing seed are cited as the nominal temperature for that group of seed, and were estimated by linear interpolation of the temperatures measured by the four sets of thermocouples.
The most systematic temperature differences occurred because of the gradient along the plate. Seeds were arrayed as close as possible to the mid-line of each box so as to minimize the difference, but the group in a box still experienced about a 1 K systematic range of temperature. Differences between cultivars at low temperature were therefore confirmed in growth rooms at 5 C C in which 100 seeds were placed on moist filter paper in Petri dishes.
Measurements analysed in this paper were made in two experiments, 8 d apart: seeds were at nominal temperatures 4. 8, 9.6, 14.3, 19.6, and 24.0 °C in one; and 7.6, 12.5, 17.0, and 21.8 = C in the other. Seeds were kept dry at an even room temperature between runs. Corroborative measurements made on several other occasions showed the responses remained stable over several months. Seed lots of four winter oilseed rape (Brassica napus L. ssp. oleifera) cultivars, obtained from seed merchants, were examined in both experiments: cultivars Martina and Askari are both 'double high' (high in glucosinolate and glucuronic acid); Rocket and Express are both 'double low' cultivars. Details of breeder, supplier and genetic similarity among these and other cultivars are given by Charters et al. (1996) .
Results
Generalized logistic curves were fitted to cumulative germination at each temperature using GENSTAT V, namely:
where y is percentage germination at time .v; _y m . x is the final percentage germination; / defines the shape of the response (f>0); b the steepness of the response; and m its location on the time axis. Of 40 curves fitted, 8 approached the lower boundary of the slope parameter (1 = 0), which is the Gompertz function and were refitted using this function. These functions explained more than 99.5% of the variation in each of 37 data sets, and more than 98% in the other three.
The curves for Martina and Askari were similar, and are represented for Martina in Fig. 1 A. In both cultivars, but more so in Martina, an increasing proportion of the sample did not germinate at temperatures below 15 °C. At 5°C, this proportion was 40%. More than 95% of these ungerminated seeds quickly germinated, however, when moved to a higher temperature (e.g. 15 °C). Curves for Rocket (Fig. IB) and Express were also similar to each other, but differed from those for the other two in that most of the seeds germinated at all temperatures examined, and at any temperature, the spread of time to germination was smaller. Further samples of all cultivars were germinated at 5 °C in the growth room, and confirmed that, while > 95% of Rocket and Express germinated, cumulative germination of Martina and Askari stopped at 60-70% after about 10 d, and did not resume over a further 2-3 weeks, when the experiments were ended. The responses presented in Fig. 1 were confirmed in several other experiments (data not presented). Incomplete germination of Martina and Askari at low temperature remained a consistent feature throughout these experiments.
The within-sample variation in response to temperature was examined by estimating, from the fitted curves, I/time to germination for the 10th, 20th, 50th, 80th, and 90th percentiles. Martina ( Fig. 2A) and Rocket (Fig. 2B ) again represent the pairs of contrasting responses. Curves for 10th, 20th and 50th percentiles of Martina appeared mostly linear with a common base temperature of around 3 °C. Because of the seeds that did not germinate (shown by bars in the lower part of Fig. 2A ), I/time was not estimable at lower temperatures for the 80th and 90th percentiles. The regression lines extrapolated over this region are indicated by dashed lines which intercept the temperature axis at higher values than those for the other percentiles. For Rocket, regressions for all except the 90th percentile suggested a common base of again about 3 °C; that for the 90th, extrapolated over only a small interval, also indicated a slightly higher intercept. To test whether there was significant variation in the base temperature among seed fractions examined (10th, 20th, 50th, 80th, and 90th percentiles), two linear models were fitted to the relation between germination rate and temperature. Model 1 allowed the slope to vary between seed fractions but constrained the intercept on the temperature axis to a base temperature common to all seed fractions. The form of model used was, where /= 10th, 20th, 50th, 80th, and 90th percentiles and where G is the observed germination rate for the rth seed fraction at temperature, T, and e is the unexplained variation. The reciprocal of the slope, 9 (one value per seed percentage) is estimated, rather than slope, along with the common base temperature. 0 is often referred to as the thermal constant or thermal duration (K d), and is the temperature sum above T b that must be accumulated before a developmental event, in this case germination of a particular seed fraction, occurs. Model 2 allowed T b as well as 9 to vary between seed fractions, where / = 1 Oth, 20th, 50th, 80th and 90th percentiles. Because the constraint in Model 1 was on the horizontalaxis (independent variable) it was necessary to use the 'fitnonlinear' directive in GENSTAT V, despite both models being linear. The sum of squares between observed and fitted was minimized by an iterative search. The result of the procedure is equivalent to linear regression. The two models were fitted to each cultivar separately. The data used were constrained to temperatures below 22 °C, since germination in some cultivars appeared to be reaching a peak rate at temperatures around 24 °C. The parameter estimates are shown in Table 1 . Model 1 explained a large amount of variation: 96.8, 98.4, 95.3, and 84.3% in Martina, Rocket, Askari, and Express, respectively. The improvements in the amount of variation explained by Model 2 were small (typically <0.1%) and not significant. The variance ratio for the improvement of Model 2 over Model 1 was less than unity in all four cultivars, and the standard error of the estimates were greater in Model 2. However, consistent non-linearities in the response are revealed by plotting residuals-the difference between the symbols in Fig. 2 and Model 1 -against temperature (Fig. 3) . Three of the cultivars (Fig. 3A , B, C) showed a marked increase from negative to positive residuals over the lower 10 K of the temperature range. The fourth, Express, exhibited anomalous behaviour in the upper half of the range, where rates at one of the experimental runs (see Materials and methods) were consistently higher than at the other. Possibly the seed of this cultivar had been affected by an unknown factor between the runs. The non-linearities are still present in Model 2: they are not a consequence of 'forcing' the data to fit a common base temperature.
At the low temperatures, the seeds that did germinate did so faster than would be expected by extrapolating a linear response down from warmer temperatures. At 4.8 °C, the observed rates were between 50% and 70% faster than the fitted values, with the exception of Express which was only 13% faster. The 10th percentile of Martina, for example, germinated at about 5 d, compared with about 10 d expected from linear extrapolation. This deviation in germination rate was unlikely to be caused by a bias in sampling as a consequence of seeds not germinating at lower temperatures. Any bias would, in fact, lead to an apparently slower rate of germination. If, for example, some of the seeds which did not germinate had come from a seed fraction that at warmer temperatures germinates earlier than say the 10th percentile, then a slightly later germinating seed fraction would be allocated to the 10th percentile at low temperature. This effect would reduce, not increase, the observed rate of germination. It is more likely that, at lower and lower temperatures, seed from the later germinating fractions, 90th then 80th and so forth, although still viable, successively failed to germinate.
The extent of the variation over a wider range of percentiles is shown in Fig. 4 , which presents I/time, calculated from the fitted generalized logistic or Gompertz curves, to every fourth percentile from the 2nd to the 98th. The much 'tighter' distributions of Rocket and Express are evident (Fig. 4B, D) , as is also the nonlinearity over the range 5-15 °C, specially for low percentiles of Martina, Askari and Rocket. 
Discussion
The relations between temperature and I/time to germination for the oilseed rape cultivars examined here differed in some important respects from many recent findings. When the response was assumed for analysis to be linear, higher percentiles appeared to have a higher base temperature than lower and median percentiles ( Fig. 2A ). The differences in apparent base temperature were not statistically significant, and will be difficult to confirm because of the non-germination of high percentiles at low temperature, and the consequent need to extrapolate over a wide range of temperature. At temperatures where these percentiles did germinate, i.e. 15°C and higher, little error would be caused by assuming they had the same base temperature as the rest. (Work is in progress to investigate the behaviour of these higher percentiles at low temperature.) More important was the non-linearity in the response, displayed most clearly at low temperature, where, in addition to non-germination of later percentiles, early percentiles germinated faster than expected from a linear model. The four cultivars responded qualitatively similarly, but differed in the degree to which they departed from linearity. One cultivar in particular, Martina, showed a 70% increase in germination rate, or 40% reduction of time, at 5 °C compared with the values predicted from a linear model fitted to the whole data, and an ungerminated (but living) fraction of up to 40%. Generally, linearity held for a wider temperature range in the 'double low' cultivars than in the 'double high' cultivars. Germination rate of the double lows was also less variable at all temperatures. Because, however, the seed of the cultivars came from different sources (and possibly had different inherent heterogeneity independently of oil quality) no conclusion is possible on a link between biochemical composition and the non-linearity or greater variability.
Non-linearities are most significant for the timing of germination at temperatures close to the base temperature (estimated as a linear extrapolation to zero rate). Although the absolute deviations in I/time at about 4°C and 10°C are equal in size (though opposite in sign), the effect when translated into duration is considerably greater at 4 °C than 10 °C. For example, the linear estimate of duration for the 10th percentile of Martina at 4°C is 10 d compared to 5.7 d observed, whereas at 10 °C the linear estimate is 2.1 d compared to 2.5 d observed. The findings have implications for germination, dormancy and emergence of oilseed rape in the field, whether as a crop, volunteer weed or feral colony. First, any model will be inaccurate if it assumes the spread of time to germination depends on a family of linear functions with a common base temperature. Especially, the coincidence at low temperature of faster-than-expected germination of low percentiles with potentially delayed germination of high percentiles would suggest a capacity in the field for a very much wider spread of time to germination than one caused by linear responses. Linear models of germination would greatly underestimate the ability of plants both to germinate and establish in the cool conditions of late autumn and to overwinter and emerge the following spring. Secondly, cultivars are likely to differ greatly in the extent of the spread of time-toemergence. Such differences, particularly at the tails of the distribution, will affect the way a crop population that has become a weed or feral colony exploits time during the season and between cultural operations. Work is in progress to develop a form of analysis to describe the visual differences between cultivars represented in Fig. 4 , and to examine genotypic differences in the pattern of emergence in the field.
